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location, and target designation capabilities [2] . The program will provide enabling technology for future manned, reconnaissance, and Uninhabited Combat Air Vehicle (UCAV) systems.
The following describes the spectral calibration and flat fielding studies performed on a recently collected data set of the Dark HORSE 1 (DHI) visible hyperspectral sensor. The procedures used for spectral calibration and mapping of the sensor's focal plane array (FPA) are described and a real-time algorithm for corrective re-mapping of the image data is presented in detail. Also, procedures used for pre and post-flight flat fielding of the sensor's radiometric response are described with an emphasis on the potential advantages and disadvantages of each. Results of these efforts are discussed and appropriate conclusions are drawn.
Manuscript approved September 23, 1998.
2.

DATA COLLECTION INSTRUMENT (Dark HORSE 1)
The complete DH1 system is composed of eight components; a visible hyperspectral sensor, a sensor controller, a real-time processor, a system controller, a high resolution camera, a ball gimbal laser designator, an air-to-ground RF data link and an infrared camera. Figure 1 is a block diagram of the entire system, except the data link, and outlines the typical operation of the DH1 system. Data from the hyperspectral sensor are analyzed by the real-time processor and are shown as a continuous waterfall display (lower left). When a target is detected, the high-resolution camera is instructed to take a picture (center) and the laser is pointed at the target. Link(ATARS-CDL).
The work described in this document focuses on the spectral calibration, spatial mapping and flat fielding of the DH1 visible hyperspectral sensor and the affects of these processes on collected data.
Therefore, only the sensor, the sensor controller and the real-time processor are described in detail.
Hyperspectral sensor, video and IR cameras port The hyperspectral imaging sensor ( Figure 4 ) consists of a standard 1" CCTV lens (Navitar, D0-5018), a f/2 imaging spectrograph (Instruments S.A., CP140) and a high-frame-rate CCD camera (Sarnoff, VCCD512).
Imagery collected via the 50mm lens is dispersed using a high throughput f/2 imaging spectrograph.
The spectrograph employs an aberration-corrected concave holographic grating of custom design, providing a "flat" field spectral range from 400 to 850 nm. For all collected data a 50 u.m slit width was used.
However, it should be noted that the size of the binned CCD pixels (not the spectrograph slit width) defines the sensors maximum spectral resolution of 7nm.
Digital collection of the hyperspectral imagery is achieved using a custom high-frame-rate CCD camera. The camera is a 16-port split frame transfer CCD with 12-bit digitizers and operates at a maximum frame rate of 200 Hz (100 Hz when operated in conjunction with the real-time processor and algorithms).
The 512 x 512 silicon FPA is capable of capturing digital hyperspectral data cubes with a maximum of 128 cross-track spatial pixels and 64 wavelength bands. A custom high-frame-rate interface box is used to merge the 16 12-bit digital camera output channels into a single 32-bit channel that is then read via a digital frame grabber board (MuTech, MV-1100). The sensor is controlled using a 266 MHz Pentium II PC and a custom software application run under the Microsoft Windows NT operating system. The user interface ( Figure 5 ) provides a method of defining which DH computers are brought online and gives the user a means of entering required input parameters; such as archival file names, correction coefficient files and camera frame rates. The interface also provides the user a mechanism for simultaneous starting and stopping of the DH1 sensor and supporting anomaly detection algorithms (located in the real time processor). NT operating system provides the user a means of changing algorithm parameters and thresholds, and gives the user data output in the form of a real-time waterfall display (Figure 6 ).
&.PC1 Control
. For the subspace R-X algorithm the user can define the wavelength bands used for spectral analysis, the number of lines used for recursive filtering and the PC bands used for R-X data modeling (Figure 7 ).
For the LBG clustering algorithm the user can define the wavelength bands used for spectral analysis, the number of clusters employed, the number of lines used for initialization and decimation, and the number of clustering iterations used during initialization and operation ( Figure 7 ). The following table provides an overview of system specifications for the hyperspectral sensor and controller, real-time processor and high-resolution camera. Some typical flight parameters are also listed. Figure 8 . The targets consisted of an 8' x 8' gray wooden platform and an 8' x 12' brown camouflage tarp. Respectively, the targets were chosen to have significantly different and similar spectral signatures to that of the surrounding field (as seen by the human eye). Field data was collected by flying an east to west heading over the target region at an altitude of 6500 feet and an air speed of 100m/s. For this study the sensor employed a 50 mm lens operated at f/5.6 and was operated at 50 Hz. This provided a 50% overlap of consecutive frames and resulted in a hyperspectral cross-track ground pixel size of 1.2 m and a down-track ground pixel size of 3.9 m. Data was collected over a 10 km path to include sampling of water regions both prior to and after the target region of interest.
Algorithm Parameters
LBG
Hyperspectral Sensor and Controller
Weather was partly cloudy at 7000 feet and strong crosswinds accounted for considerable aircraft roll.
Ebwntrack 26km
QcssHack 130m Nineteen data sets were collected over the target site. These measurements include observations of several combinations of the targets being present or removed from the region of interest, as well as the use of both blue and brown camouflaged tarps. For the purposes of this study only data set number 12 has been employed. This data set was chosen because both the platform and camouflage targets were present and minimal roll was encountered during the course of the run. The data set was collected at 2:01 PM and consists of 5144 consecutive frames. Figure 9 shows a section of the data set over the land region of interest (frames 3400-4700).
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SPECTRAL AND SPATIAL RE-SAMPLING AND CALIBRATION
Prior to flight the DH1 sensor was spectrally calibrated to ensure proper wavelength assignments could be made to the 64 collected wavelength bands. Unfortunately, this process is not as straightforward as one might expect. As previously stated the DH1 sensor employs an aberration-corrected holographic grating. However, due to aberration contributions from the front end optics and the limitations of trying to correct for such aberrations via a single optical grating element, the sensor is still plagued with a significant degree of image distortion at the sensor focal plane (CCD). The distortion is that of a classic pin cushion type and is consistent with a curvature of field and/or spherical aberration. Because the use of multiple optical elements for aberration correction is not a feasible option (due to instrumental size, time and cost constraints) a real time software correction is used to eliminate image distortion. The correction is done prior to running the parallel anomaly detection algorithms and relies on spectral and spatial re-mapping of the collected imagery. Re-mapping is achieved by re-sampling the FPA data via software.
All pre-flight spectral and spatial mapping data was acquired in room 1036 of building 216, NRL.
The instrumentation used is shown in Figure 10 . The custom mounting rack is used to hold two "pencil style" spectral calibration lamps (Oriel, 6035 and 6031) and their supporting power supply units. The
Mercury and Krypton lamps are used simultaneously and provide numerous discrete spectral lines over the sensor's 400 to 850 nm wavelength range.
A map of the sensor's spectral and spatial distortion was compiled ( Figure 11 ) by scanning the spectral lamps to known vertical positions across the sensor's field of view and collecting image frames at each location. The camera frame rate was adjusted at each vertical location to keep spectral line intensities near the middle of the sensors dynamic range. An offset correction was performed on the calibration lamp data by dark frame subtraction. Dark frames were collected at each frame rate used in the lamp data collection by installing the camera lens cap. In some instances an appropriate dark frame was missing or unusable for a particular calibration lamp frame. In these instances another lamp frame from a distant vertical position was used as a dark frame. This provided some local offset correction near the location of the lamp image. The corrected data was then combined into a single frame by cropping the lamp image from each lamp frame and reassembling the cropped images into a collage frame for peak finding. The resulting frame had an irregular grid of bright spots corresponding to the spectral peaks of the lamps at each spatial location. These spots needed to be located by the peak finding routine. The automated peak finding routine divided the frame into windows containing a few peaks each.
All local maxima were taken as initial peak location estimates. A two-dimensional Gaussian surface was used to model each peak. A separate DC offset for each FPA sector was included in the model. A nonlinear optimization procedure was performed to adjust the Gaussian means and variances and the DC offsets to fit the window data. A simple gradient descent technique was employed for optimization.
The automated peak finding routine was error prone. There were both spurious peaks found and real peaks lost. In addition, many of the real peaks were split or otherwise distorted by residual non-uniformity in the array. Therefore, manual editing of the peak locations was performed until a reasonable match to the clearly discernable peaks in the image was obtained.
Next, the grid of peaks was regularized. The center row of peaks corresponding to the central spatial position of the calibration lamps was chosen as the spectral standard. All peaks corresponding to the same spectral line of the lamps were aligned with the spectral standard. This removed the spectral misregistration (i.e. all light of the same wavelength would appear in the same spectral column regardless of its spatial origin in the camera's far field ). Next a centrally located column of peaks corresponding to the centermost spectral line of the lamps was chosen as a spatial standard. This standard was then corrected to be uniformly spaced across the field of view of the camera. This achieved a spatial calibration of the camera. All peaks corresponding to the same spatial location of the lamps were then aligned with the corrected spatial standard. This removed the spatial misregistration (i.e. all light from the same point in the camera's far field would appear in the same spatial row regardless of its wavelength).
The result of these steps was an offset vector for each of the identified peaks in the calibration lamp frame. This can be viewed as a non-uniform grid of 'delta' vectors. The full coordinate transformation for the entire focal plane grid (a 'delta' vector for each pixel) was derived by a two-dimensional biharmonic spline interpolation of the non-uniform grid onto the full focal plane grid. The 'delta' vectors were then reinterpreted to give for each pixel in the regularized image a corresponding (x,y) location in the focal plane.
With this information new FPA data can be regularized by performing an interpolation on the FPA pixels in the neighborhood of the (x,y) location corresponding to each pixel in the regularized image. For example, if pixel (i,j) in the regularized image corresponds to position (x,y) in the focal plane, then the value of pixel (i,j) can be obtained from a bilinear interpolation of the four FPA pixels closest to position (x,y).
Once the regularized data was obtained, a spectral calibration of the camera could be performed.
Recall that the spatial calibration was performed together with the regularization. The first step in the calibration was a precise identification of the spectral lines visible in the data. This was achieved by comparing published spectral line tables with a spectrum obtained from a regularized image of the spectral lamps taken with the lamps in the near field of the camera lens. Once a wavelength was assigned to each observed peak, the center wavelength of each of the spectral columns of the regularized imagery was estimated from a least squares fit to a linear dispersion model. That is, a linear least square fit was performed on a plot of band number versus wavelength for the observed peaks.
The Matlab code used for performing the above processes is given in the Appendix.
GENERATION OF PRE-FLIGHT FLAT FIELDING COEFFICIENTS
Prior to flight the DH1 sensor was flat fielded to eliminate spatial variation in radiometric response.
All pre-flight flat fielding data was acquired in room 1036 of building 216, NRL. The instrumentation used is shown in Figure 12 . The OL Series 455 integrating sphere (Optronic Laboratories, Inc.) provides a large area, uniform, diffusely radiating source with a near normal luminance. A 150-watt tungsten quartz-halogen lamp serves as the source and can be varied over several decades of luminance without changing the color temperature. Luminance adjustment is achieved using a precision micrometer-controlled variable aperture between the lamp and the integrating sphere. A precision silicon detector-filter combination with an accurate photopic response (mounted in the integrating sphere wall) monitors the sphere's luminance. The source is controlled via a separate electronics display console and power supply (Optronic Laboratories, Inc.). The controller contains a highly regulated DC constant current power supply and has been designed for source stability and accuracy. The lamp current can be varied from zero to full power rating and is displayed to within .05% of the true lamp current via a digital display. By focusing the sensor onto the face of the integrating sphere and collecting image frames for various levels of luminance a model of each pixels radiometric response was determined. The model was then used to determine a set of coefficients that could be used to correct for spatial variances in response.
Generation of flat-fielding coefficients involved three steps: preparing the data, overlaying the integrating sphere source spectrum on the camera bands, and finding the gain and offset corrections for each pixel. The integrating sphere data was prepared by applying the re-sampling technique described in Section 4. This provided regularized flat-field data that was calibrated both spectrally and spatially. The spectral calibration is essential for the flat-fielding procedure. Next the source spectrum provided by the manufacturer was interpolated onto the camera band center wavelengths determined in the spectral calibration. A cubic spline interpolator was used. The source spectrum was normalized so that the maximum intensity of the maximum integrating sphere luminance setting was unity. Note that since an aperture controlled the luminance with the lamp current held constant, it was assumed that the source spectrum did not change shape across the four or five different luminance settings. Finally a linear least squares fit was used to estimate a gain and offset correction for each pixel in the re-sampled image. Specifically, for each pixel a linear fit was made to a plot of pixel response versus normalized source intensity for the four or five luminance settings used. Note that since the source spectrum was normalized to unit maximum, this procedure provided only a flat-field correction. Although the data available would have made a full radiometric calibration possible, this was judged to be unnecessary since the radiometric response of the FPA, which was not temperature controlled,
was not expected to be stable.
REAL-TIME IN-FLIGHT CORRECTIONS
The correction and calibration procedures discussed in Sections 4 and 5 were implemented for real time operation in the DH1 data acquisition system. The corrections were included in the sensor controller software ( Figure 5 ) which ran on the sensor controller computer. This software was implemented in C++ under the Windows NT operating system. To perform the corrections, a combined set of calibration coefficients was first generated that included both FPA re-sampling and flat-field corrections. A total of seven parameters were required for each pixel in the corrected image frames. The first two parameters were the x and y position on the focal plane to be mapped to the pixel. The next four parameters were the multiplicative coefficients for the four nearest neighbor FPA pixels for interpolation. These coefficients were the product of a bilinear interpolator for the pixel with the pixel gain correction. The last parameter was the pixel offset. Only the central fifty percent of the spatial extent of the camera was used. Although this was done to reduce system bandwidth requirements, little data was actually discarded since the image of the spectrometer slit did not fill the entire FPA. This down selection of the data was accomplished during the calibration and correction processing by using only the parameters for the central 128 pixels. The camera controller software loaded the correction parameters from a file at run time and applied them to each FPA frame as they were read from the frame grabber board.
7.
GENERATION OF POST-FLIGHT FLAT FIELDING COEFFIECENTS
After flying the DH1 sensor it was discovered that the radiometric response of the CCD was not correctly "flattened". It was found that the flat-fielding coefficients acquired during the pre-flight flat fielding procedure were insufficient. As a result, a method of post-flight flat fielding was developed. The two differences between the pre and post-flight approaches are in the calibration source used and in the mathematical modeling of the pixel radiometric responses. The source used for post-flight flat fielding is simply the reflectance spectra of water acquired during the field data collects, as opposed to the integrating sphere used for pre-flight flat fielding. Also, the modeling used for post-flight flat fielding is somewhat simpler. A two-point linear fit of the radiometric response data is used, as opposed to the five-point least squares fit used for pre-flight flat fielding. The two-point fit is necessary because only two intensity values are available. One, the intensity of the water reflectance during the course of the fly over and two, the intensity values associated with a dark frame collected while the camera bay door was closed. The simple linear fit provides an offset (the y-intercept of the linear fit) and a gain (the slope of the linear fit) for each of the FPA pixels.
RESULTS AND DISCUSSION
Spectral and Spatial Re-sampling and Calibration
In general, spectral and spatial re-sampling of the FPA was found to be successful in reducing image distortion. The real time software correction for re-mapping of the collected imagery proved both useful and robust in practice. Some spectral and spatial misregistration is still present but this can be solved. There are two obvious areas for improvement in the correction and calibration procedures described (Section 4). The first is the peak finding phase of the generation of FPA re-sampling parameters. As was mentioned earlier, the peak finding procedure used was error prone and required significant manual intervention. One clear source of error is the residual non-uniformity in the data after dark frame subtraction. A possible remedy for this would be to apply a rough two-point flat-field correction to the calibration lamp data using the integrating sphere data with approximate band assignments. It may also be beneficial to further constrain the peak finding optimization step using knowledge about the structure of the calibration data. For example, it is known that the lamps have a fixed spectrum and that they appear as a spatial point source in the far field of the camera lens. One approach would be to try to fit each lamp image (each spatial location) to a fixed number of peaks lying on some smooth curve. Alternatively, one could attempt to fit the data to the known lamp spectrum warped onto a smooth curve.
The second area for improvement is in the interpolator used in the real time corrections. The bilinear interpolator used to date is simplistic and sub-optimal. There exist image interpolators that are optimal with respect to their distortion of the spatial spectrum of the image. Improvements to a first order (four nearest neighbors) interpolator could be realized, and if processor bandwidth permits, higher order interpolators could be considered.
Pre-Flight Flat Fielding
As previously stated, pre-flight flat fielding was found to be inadequate for field measurements. It was found that the radiometric response of the CCD still varied as a function of space even after the flatfielding coefficients were applied to the data. This is clearly demonstrated in Figure 13 which is one frame of a series of dark frames collected during the March 5 flight test. The dark frames were collected when the camera bay door was closed and the sensor was in complete darkness. It is evident from Figure 13 An explanation of why the pre-flight flat fielding is not sufficient is realized by examining the means by which the coefficients were acquired. Recall that the gain and offset were determined by applying a fivepoint least squares fit to a model of each pixel's radiometric response, with the slope of the fit corresponding to the pixel gain and the y-intercept of the fit corresponding to the pixel offset. This would provide a good measure of the gain and offset coefficients if the response of the CCD were linear over its entire dynamic range. Unfortunately this is not the case and, as a result, the response of the individual pixels is not modeled correctly for all luminance levels using a linear fit. The pixels may be modeled well for a given range of intensities but not over the entire dynamic range. This will result in pixels illuminated at intensity values outside of the properly modeled range to be incorrectly flat fielded using the calculated coefficients. Such behavior is evident in Figure 13 that shows the poorly flat fielded pixels along the edges and corners of the array. This makes sense because these regions correspond to areas of low optical throughput. Therefore, the low intensity light illuminating these pixels likely falls in regions of the sensors dynamic range that have been poorly modeled. . This can also be seen in Figure 14 . In both cases, the spectrum is simply moving up and down in intensity while the shape of the spectrum is remaining constant. From this it is evident that the dominant source of FPA pattern noise is just the spatial "falling off of the CCD at the edges of the array. If spatial drift in CCD response was a large contributor to FPA pattern noise the cross-track pixels would vary in both intensity and spectral shape. This would result in the cluster of blue pixels being more elliptical in shape. In short, it appears that the poor results of the pre-flight flat fielding are largely the result of a deficiency in the linear calibration and not the result of spatial drift in CCD response over time.
Post-flight Flat Fielding
As previously mentioned, a method of post-flight flat fielding was developed (Section 7). Figure 18 shows two of the 256 spectra used for calculating the post-flight flat fielding coefficients. Two spectra were used for each of the 128 cross-track spatial pixels. The water reflectance spectrum (blue) and dark frame spectrum (red) are the average of 200 and 50 consecutive spectra, respectively. In this case, the spectra correspond to spatial pixel 60 of the FPA. The post-flight flat fielding is really a re-correction of the original pre-flight flat fielded data. Because spectral registration of the sensor was found to not change as a function of extended time the original spectral calibration of the data holds. It is only the flat fielding correction that must be re-done. A simple two-point linear fit was used to estimate a gain and offset correction for each pixel in the FPA. The slope of this fit was taken to be the pixel gain and the y-intercept was taken to be the pixel offset. Of course, in the case of this simple two-point fit, the offset is simply the intensity value of the dark spectrum. At first it may seem that the simpler two-point linear fit would be no more useful in flat fielding the sensor than the five-point least squares fit used for pre-flight flat fielding. However, it is important recall that the five-point fit modeled the individual pixel responses using intensities spread over the entire dynamic range of the sensor. This resulted in the response of the pixels being poorly modeled for lower luminance levels. Unfortunately, to avoid having high intensity pixels saturate the detector, a large majority of the image pixels must be kept to low intensity values during the course of a data collect. Therefore, the preflight flat fielding is insufficient. In contrast the two-point fit focuses on modeling the pixel responses at lower luminance levels. The intensity of the water source spectrum is more typical of the image pixel intensities found during a collect. Therefore, a model of the pixels radiometric response is calculated, better gain and offset coefficients are acquired and thus the flat fielding is found to be better overall. Figure 19 is a different dark frame than the one used in Figure 13 . The dark frame is one collected during a later portion of the data collect. In this case, the post-flight flat fielding coefficients have been applied to the dark frame instead of the pre-flight coefficients. It is evident that the radiometric response of the FPA has been "flattened". As expected, all values across the FPA are equal in intensity. This is even true at the edges and the corners of the array; areas that showed considerable radiometric variances as a result of pre-flight flat fielding. Note that each series of spectral pixels is identical for each of the cross-track spatial pixels, with the series of spectral pixels representing the reflectance spectrum of water. It should be noted that while the post-flight flat fielding does a much better job of "flattening" the image data than the pre-flight flat fielding that it will still show limitations. It is likely that pixels of very high intensity (near saturation) will still not be flattened correctly. In the case of examining the dark frame and the water frame (Figures 19 and 20) no high intensity pixels are present. However, it should also be noted that the occurance of high intensity pixels is much less than that of low intensity ones. Therefore, the post-flight flat fielding is still a much better alternative.
Real-time Anomaly Detection
The subspace R-X and LBG clustering algorithms were run on the pre-flight and post-flight flat fielded data. The algorithms were run in real-time with the same processor used for the in-flight data collections. The effects of poor flat fielding and the resulting errors in anomaly detection are briefly visited
below. An emphasis has been placed on how flat fielding effects the real-time anomaly detection algorithms. In short, it is known that if the algorithms do not succeed in clustering spectrally similar pixels together (identify how target pixels are different from surrounding background pixels) an increase in false alarms will occur. As expected, it has been found that proper flat fielding of the data can help to reduce false alarms. This is particularly true for the R-X algorithm, which outperformed the LBG algorithm, at least for the chosen scene of interest and chosen algorithm parameters. The performance increase can be attributed to proper flat fielding diminishing spectral differences associated with changes in spatial response of the FPA. As a result, the algorithm can "focus" on the true spectral differences between the targets and background regions of interest.
The parameters used by the two real-time algorithms follow. The parameters were not optimized for best performance but have been found to produce above average results. They have been largely chosen through trial and error during the in-flight measurements and through some preliminary post-examination of the spectral data cubes. For both algorithms spectral bands 40-54 were used, corresponding to the wavelength region from 725-840 nm. Also, both algorithms employed spatial filtering of the data. This was found to largely reduce the number of false alarms. The R-X algorithm retained principal components 4-10 and averaged 10 effective lines in its recursive filter. The LBG algorithm employed 10 clusters. During initialization the algorithm used 10 lines for cluster recognition, 1 line for decimation and went through 10 iterations. Two iterations were used during operation. Lastly, Figure 24 is a plot of the percentage of target pixels cued versus the total number of false pixels cued, using both the subspace R-X algorithm and the LBG algorithm, for both the pre and post-flight flat fielded data. The combined algorithms performed virtually identical to the R-X algorithm alone, with the algorithms performing up to 66% better on the post flight flat fielded data than on the pre-flight flat fielded data. Again, this was for the case of detecting 100% of the target pixels. Using both algorithms in place of just the R-X algorithm resulted in a performance improvement of only 1-3%. This is expected due to the comparatively low performance of the LBG algorithm with respect to the R-X algorithm. Thus the LBG algorithm has little to contribute. However, it should again be noted that these comparisons are only based on the scene of interest and the chosen algorithm parameters. It is likely that the benefits of using the two algorithms in parallel will be better realized through optimization of the chosen parameters through a detailed post-examination of the collected spectral data cubes and further analysis of the algorithms on different scenes. It is also possible that the LBG algorithm will perform more strongly than the R-X algorithm for different scenes of interest. It may be found that running the algorithms in parallel will provide the potential for reducing false alarm counts for some scenes of interest but that running the algorithms in a one-or-the other scenario may prove beneficial for other scenes of interest. This remains to be seen and will be examined in future studies. 
